The Beaudesert Sewage Treatment Plant (STP), originally built in 1966 and augmented in 1977, is a typical biological trickling filter sewage treatment plant comprising primary sedimentation tanks, trickling filters and humus tanks. The plant, despite not originally being designed for nitrogen removal, has been consistently achieving over 60% total nitrogen (TN) reduction and low effluent ammonium concentration of less than 5 mg NH 3 -N/L. Through the return of a nitrate-rich stream from the humus tanks to the primary sedimentation tanks and maintaining an adequate sludge age within the primary sedimentation tanks, the current plant is achieving a substantial degree of denitrification. Further enhanced denitrification has been achieved by raising the recycle flows and maintaining an adequate SRT. This paper describes the approach to operating a trickling filter plant to achieve nitrification and denitrification to a high level. The effectiveness of this approach is demonstrated through pilot plant trials and analysis of their corresponding results. These results show a significant improvement in nitrogen removal capability whilst maximising the asset life of existing infrastructure. This shows great potential as a retrofit option for small and rural communities with pre-existing trickling filters that require improvements in terms of nitrogen removal.
INTRODUCTION
The Beaudesert Sewage Treatment Plant (STP) was originally built in 1966 and augmented in 1977. Beaudesert STP is a typical biological trickling filter (TF) plant which treats mainly domestic sewage with some septage trucked from the surrounding areas. The treatment works comprise an inlet works composed of mechanical screens and a vortex grit trap, two primary sedimentation tanks (PSTs), two rock-media trickling filters, two humus tanks, three anaerobic digesters (one primary digester and two secondary digesters), a dewatering centrifuge and sodium hypochlorite disinfection system. The schematic process flow diagram is shown in Figure 1 . The settled sewage gravitates to the parallel train of trickling filters via two dosing siphons. Trickling filter filtrate is evenly distributed to two humus tanks operated in parallel via a flow splitter. The effluent is disinfected prior to discharge or supply for third party reuse. Settled humus solids are returned from the humus tanks to the PSTs at a 100% recycle rate. Primary sludge and humus solids are pumped from the PSTs to the primary anaerobic digester prior to being dewatered via the centrifuge. The plant, despite not originally being designed for nitrogen removal, has been consistently achieving over 60% total nitrogen (TN) reduction and low effluent ammonium concentration of between 1 and 6 mg NH 3 -N/L. The carbonaceous BOD 5 reduction is as high as 95%. This exceeds typical treatment performance of most rock-media TF plants. Despite the exceptional nutrient removal performance the plant is struggling to meet the statutory nitrogen discharge load limits. This is further jeopardised due to continued catchment population growth which imposes increased load pressure on the treatment works. There is therefore a strong incentive to upgrade the STP to enhance nitrogen reduction but maximising the reuse of the existing treatment infrastructure if possible.
Technical background
It has been reported by Pearce (2004) that TN reduction ranging from 0% to over 50% can be achieved across the TF process. Overall TN reduction of 26-63% is achievable when primary treatment is available. Similar TF nitrogen removal performance was achieved from the pilot work conducted at the Littleton/Englewood Wastewater Treatment Plant (WWTP) in USA (Biesterfeld et al., 2003) and this has been explored by other researchers (Dorias and Baumann, 1994; Vanhooren et al., 2003) . In principle the concept is similar to what is conventionally applied in suspended solids growth systems, where nitrified mixed liquor is returned to an anoxic zone where denitrification occurs. In the fixed film process, recirculation of TF effluent introduces nitrate into the top of the filter where heterotrophic activity, and therefore potential denitrification activity, is highest. This process may remove up to 50% of a facility's NO 3 -when a 100% recycle rate is used and up to 67% of a facility's nitrate when a 200% recycle rate is used (Metcalf and Eddy, 2003) . This makes for an attractive alternative TN reduction upgrade where discharge limits are relatively high and only partial denitrification is required. Hydraulic constraints of a given facility may limit the amount of denitrification achievable if hydraulic restrictions limit the amount of recycle.
The incorporation of filter effluent recirculation however has a potentially negative effect on denitrification as it increases the wetting process, and hence improves the oxygen transfer through the filter. Any improved dissolved oxygen penetration into the biofilm reduces the potential of the anoxic mechanisms (Pearce, 2004) . Whilst the percentage nitrogen removal will increase with BOD 5 load due to a higher oxygen demand at the top of the filter, nitrogen removal will reduce at higher BOD 5 loads where nitrification is suppressed. Because there is a conflict of requirements for simultaneous nitrification and denitrification it appears that the achievable reliable process performance through process control is limited to 30-50% nitrogen removal (Pearce, 2004) .
Of interest there are a number of successful pilot trials and applications of activated sludge denitrification coupled with TF nitrification to achieve significant nitrogen removal (Van and Rivera, 1990; Mehlhart, 1994; Arbiv and Vanrijn, 1995; Hu et al., 2003) . An activated sludge denitrification chamber can be pre-positioned or post-positioned relative to a nitrification TF. For the pre-denitrification configuration, additional intermediate clarification is required in between the denitrification unit and TF; whilst for the post-denitrification configuration an additional carbon source is needed to obtain a comparable level of TN reduction.
In addition to the above denitrification/nitrification TF processes, integrated denitrification/sedimentation processes coupled with TFs have been reported for Ekofinn Bioclere®, Waterloo Biofilter® and Orenco® systems in the USA. In these systems, TF nitrified effluent is re-circulated to an upstream septic tank where partial denitrification occurs along with solids settling. Variable TN reductions of 20 to 60% have been reported for these systems. However, there are no published works thus far in relation to the maximum denitrification potential achievable and corresponding process control.
Study objective
To better understand the mechanism of enhanced nitrogen removal (excluding cellular assimilation) at the Beaudesert STP, the PSTs and TFs were sampled and tested to measure COD, BOD 5 , NH 4
--N and NO 2 --N. Across the PSTs nearly all the nitrate recycled from the humus tanks was depleted and a considerable breakdown of particulate organics and TKN occurred. This suggests that biological treatment (by ordinary heterotrophs and facultative denitrifiers) and solids sedimentation processes were accomplished within a single tank.
This paper reports on a study which was carried out to quantify the denitrification potential of the PSTs at the Beaudesert STP by increasing TF effluent recycle to the PSTs. Nitrogen and solids mass balances are closed to support the understanding of the important process mechanisms. It has also been demonstrated by field-trials that control of sludge retention time (or sludge blanket depth) within the PSTs is the key measure to achieve the desired denitrification performance. The outcomes of this study may be used to estimate denitrification potential for similar conventional TF plants that encompass primary sedimentation and effluent recycle. The PSTs' sludge blanket depth and solids content was monitored regularly over a 6 day period.
METHODS

Normal plant operation
A nitrogen mass balance was established using the PST monitoring data. The fate of nitrogen indicates significant denitrification is being achieved in the PSTs. It is possible that the PSTs have a denitrification potential greater than that currently utilised and, by using this additional potential lower effluent TN concentrations could be achieved.
Treatment trial operation
With the objective of determining the additional amount of nitrate removable via the existing PSTs, a trial was devised to increase recycle flow from the humus tanks so that more nitrate was returned to the PSTs. Two higher recycle flows were trialled, 28 L/s (200%) and 36 L/s (257%), during the period of 12 October -20 October (Table 1) . A portable diesel pump was used onsite to provide the required additional recycle flows. -N, TP-P, PO 4 -3 -P, TSS and VSS ( Table 2) . Also monitored in the trial were the sludge blanket heights within the PSTs, which are used in conjunction with the primary effluent flows/solids content and primary sludge wasting rates to calculate the operating sludge retention time (SRT). (Metcalf and Eddy, 2003) .
Normal operational performance
The observed nitrogen removal is shown in Figure 2 along with the nitrate reduction measured across the PSTs. The data is derived from average weekly samples from a period of 12 months operation. It is shown that the TN reduction is markedly affected by nitrogen removal via denitrification in the PSTs. The efficacy of denitrification performance indicates growth and activity of facultative denitrifiers (groups of ordinary heterotrophs) in the PSTs in addition to solids settling. The average sludge blanket depth and solids content in the primary tanks is measured as 325mm (standard deviation: 4, n=6) and 2.3 wt% (duplicate). This is equivalent to a total solids inventory of 1100 kg. Assuming a negligible amount of cell mass retained in the trickling filters and humus tanks, the operating SRT for the PSTs is calculated to be 3 days. This is considered adequate for the growth of heterotrophic organisms and hydrolysis/decomposition of slowly biodegradable substrate by the heterotrophs. In the PSTs all readily biodegradable COD (RBCOD) and a portion of influent slowly biodegradable COD (SBCOD) that is hydrolysed to RBCOD are consumed by denitrifiers whilst the remaining SBCOD and some unbiodegradable particulate COD are "enmeshed" with the sludge mixed liquor. Thus, within the PSTs a significant amount of influent COD is removed from the liquid phase.
Another advantage for recycling nitrate is the potential odour control benefit and potential reduction in chemical usage for odour control. Full-scale TF plants typically produce H 2 S in the PSTs through the reduction of sulphate present in the influent wastewater. Heukelekian (1943) noted that in oxygen deficient biological systems, NO 3 -is reduced preferentially over sulphate and that its presence may mitigate H 2 S formation.
To verify the observed system denitrification performance and the accuracy of the experimental data, a nitrogen mass balance was built for the main stream of the system. In the mass balance, the nitrogen entering the system as TN was reconciled with the nitrogen leaving the system as TN in the effluent and in the wasted 'primary sludge', nitrogen assimilated into cell mass, and NO 3 -/NO 2 -denitrified to N 2 gas. The mass balance was developed assuming all particulate biodegradable TKN was transformed into a dissolved form without hydrolysis rate limits and that 60% removal of particulate unbiodegradable TKN was achieved via the 'primary sludge' withdrawal. Nitrogen loss via cell assimilation is based on a biomass composition of 10% nitrogen by dry weight of volatile suspended solids (VSS) and a net biomass yield of 0.47 gVSS/g COD (USEPA Nutrient Control Design Manual, 2010). The mass of NO 3 -/NO 2 -denitrified was calculated over the PSTs. The mass balance results are shown in Figure 3 .
Closing the nitrogen mass balance shows that a negligible amount of denitrification is taking place over the biofilm grown on the TFs' rock media. On average 35% of the TN is ascribed to denitrification of the nitrified flow re-circulated to the PSTs. Only 5% of the TN is attributed to the 'primary sludge' wasting. This is well below the typical 15% TN reduction via primary sludge withdrawal. Reduced discharge of nitrogen to the sludge processing facilities (i.e. anaerobic digesters and centrifuge) would result in lower return of nitrogen to the main stream and hence overall better nitrogen reduction performance. 
Treatment trial performance
Through the return of the nitrate-rich stream from the humus tanks to the PSTs and maintaining an adequate sludge age within the PSTs, the current plant is achieving a substantial degree of denitrification. The fact that nearly complete denitrification of the return stream is currently achieved supports the concept that some reserve denitrification potential exists.
The reserve denitrification potential was assessed based on the nitrogen reduction performance of the field trial (Figure 4) . With the recycle flows being more than double (refer to Table 1), the amount of nitrate recycled to the head-of-works was increased by 20-40%. On the first day of the recycle flows being increased complete removal of the nitrate throughout the PSTs was observed for all the hourly grab samples. This suggests that nitrogen reduction rates of 10-20% higher than currently experienced should be achievable by raising the recycle flows. The total of the NO 3 --N denitrified through the PSTs and what was remaining in the primary effluent did not add to 100% but this is likely due to a system time lag in sampling at the inlet and outlet of the PSTs or laboratory analytical errors.
The denitrification performance deteriorated from the third day of the trial (Figure 4) . The situation was further exacerbated over the following days with a performance bounce-back on the 6 th day of the trial. This may be correlated to the reduction of sludge blanket depth in the tanks (Figure 5) as the reduction of stored solids leads to reduction of activated sludge biomass which, if too low, would impair denitrification efficiency. During the trial the 'primary sludge' wasting rate remained unchanged from the normal plant operation, indicating similar solids mass being withdrawn from the PSTs or even less if the thickness of the 'primary sludge' reduced with the increased hydraulic loads. Therefore, the loss of sludge from the PSTs would be due to increased solids discharge via the primary effluent. As there was no observable increase in the solids content of the primary effluent, the solids loss should be proportional to the increase of the recycle flow. A remedial strategy would be to reduce the 'primary sludge' wasting rate, thus offsetting the solids discharge associated with increased recycle flows. As shown in Figure 5 , the estimated SRT declined to less than 1 day on the 6 th day of the trial from the original SRT of 2.8 days. Therefore, washout of biomass was most likely to be occurring.
Despite the SRT being lifted to over 2.5 days by decreasing the 'primary sludge' withdrawal rates, from the 6 th day through to the end of the trial, there was not enough time for complete recovery of the lost heterotrophs to restore the desired denitrification. It reveals that maintaining a minimum of 2.5 -3 day SRT is required to achieve the maximum denitrification potential of the existing process.
As the hydrolysis process is significantly slower than heterotrophic growth, it is considered the rate limiting step and a surrogate for assessing substrate utilization and demand for electron acceptors under aerobic and anoxic conditions (Orhon et al., 1999) . The loss of heterotrophic activity as a result of reduced SRT can be seen from the declining primary effluent soluble BOD 5 concentration (Figure 4) , which mainly corresponds to a reduced degree of decomposition of influent slowly biodegradable organics as the influent soluble and total BOD 5 remained consistent throughout the trial.
The trial effluent ammonium concentration profile (Figure 6) shows that the system's nitrification performance was improved. This is likely due to the high flush (recycle flows) which improves the wetting and hence enhances oxygen transfer efficiency and dissolved oxygen penetration into the biofilm. The effluent solids content was consistently reduced throughout the trial. It is not clear as to the cause behind this improvement. A possible explanation may be the improved solids settleability due to ameliorated oxygenation condition, as aeration limitation hinders growth of the more easily settled aerobes. The effluent TN concentration was slightly reduced during the first half of the trial, and enhanced denitrification was achieved on the first day of the recycle flow being increased. However, denitrification subsequently deteriorated associated with the reduction of solids mass within the PSTs. Although the PSTs' sludge blanket depth and SRT was accordingly adjusted by reducing wastage of 'primary sludge', the system's denitrification performance could not be recovered within the trial period. The trial results demonstrate that the existing TF plant has the potential to further improve nitrogen reduction performance by increasing the effluent recycle flows. In order to reach the maximum denitrification potential of the PSTs and thus optimum nitrogen treatment performance, maintaining an adequate operating SRT is the key criterion. This will ensure that the required biomass is retained in the tanks. It is theoretically possible to achieve nearly complete denitrification provided there are no hydraulic constraints in the system, e.g. PST surface overflow rates which would limit the amount of recycle.
Hydraulic constraints as well as diurnal flow and concentration variations make it difficult to estimate the maximum denitrification potential of the system. In other words, at the time of day when the highest flow and concentration of nitrate might be recycled from downstream TFs back to the PSTs, the influent wastewater BOD 5 and soluble BOD 5 concentrations may be comparatively low, thereby preventing complete denitrification from occurring.
CONCLUSIONS
By operating the recycle of highly nitrified trickling filter effluent to the primary sedimentation tanks, over 60% of total nitrogen removal was achieved through denitrification in the 'activated' primary sedimentation tanks. Further enhancement of total nitrogen removal may be achievable by applying higher recycle flow rates if adequate SRT can be maintained and hydraulic limitations are not breached.
The use of TF effluent recycle to the primary sedimentation tanks to achieve biological nitrogen removal is considered an innovation and presents a cost-effective retrofit approach to meet more stringent effluent discharge limits. Significant savings on capital and operating cost can be realised by reusing existing infrastructure where available and not simply adopting a conventional activated sludge approach.
There are a large number of trickling filter plants in Australia and around the world which were not originally designed for any degree of nutrient removal. The outcomes of this work demonstrate the ability of these plants to effectively improve their effluent quality and positively improve performance relative to their receiving environments.
